We show how one can measure the signal from slow jumps of a single molecule between metastable positions using a setup where the molecule is fixed to one lead, and one of the coupling strengths is controlled externally. Such a measurement yields information about slow processes deforming the molecule in times much longer than the characteristic time scales for the electron transport process.
We show how one can measure the signal from slow jumps of a single molecule between metastable positions using a setup where the molecule is fixed to one lead, and one of the coupling strengths is controlled externally. Such a measurement yields information about slow processes deforming the molecule in times much longer than the characteristic time scales for the electron transport process.
One of the key ideas in studies of electron transport through single molecules is the aim to relate the properties of the studied microscopic molecule to the current flowing through it. Then measuring this current will yield information about the molecule. There are many interesting transport phenomena, known from larger structures, e.g., semiconductor quantum dots, that have been also observed in molecules 1, 2, 3 . However, perhaps a feature most specific to the molecular systems is the large signature of the mechanical vibrations on the transport properties. Such effects include the electron shuttling 4 and polaronic effects 5, 6 , e.g., the vibrationassisted electron tunneling effect, observed through the side peaks in the differential conductance 7, 8, 9, 10 at positions corresponding to the vibrational frequencies. Another molecule-specific property can be seen when one is able to vary the coupling of the molecule to the leads between weak and strong coupling limits 11 . In this case, one can quantitatively characterize the different coupling strengths, by fitting the experimentally measured conductance to a fairly generic model describing transport through the closest molecular level(s). Such a model relies on the fact that the molecule is coupled to the leads only from one side, allowing one to tune the other coupling over a wide range. From this fit, one then obtains four molecule-specific parameters corresponding to the two coupling strengths at given positions, an energy scale describing the position of the HOMO/LUMO level (whichever is closer) and a length scale describing the change of the coupling as a function of the distance. These parameters can then be used as a fingerprint of that particular molecule.
The typically considered vibrational effects are characteristic of weak coupling for the electron hopping between the leads and the molecule, in which case the vibrational frequency scales exceed or are of the same order as the coupling strength. In such systems, it is essential to consider the fairly fast and low-amplitude vibrations inside a single parabolic confining potential around some long-lived metastable position. However, on a much slower scale, the molecule may jump between different metastable states corresponding to different conforma-tions or positions. Our aim is to discuss in this paper how these jumps may be observed and characterized. Due to the directional character of the bonding to the leads, due to the solvent, or due to the particular atomic arrangement of the left lead, there may be a few metastable configurations indicated by the potential minima. The hopping between these configurations depends on the heights U1 and U2 of the potential barrier. If U1 = U2, the probability p1 to occupy state 1 is larger than the corresponding probability p2 for state 2.
Consider a potential energy curve depicted in Fig. 1 . The horizontal axis could quantify different molecular conformations or average positions. The vibrations within a single potential well are governed with a frequency ω k = k/m, where k is the spring constant describing the potential and m is the mass of the molecule. Brownian motion of the particle within this potential well at the temperature T will then result into vibrations with amplitude s ∼ k B T /k. The amplitude of such vibrations is much smaller than the distance between successive potential minima, and hence it is at most of the order of a fewÅ. We can use this as an estimate for the frequency ω k . At room temperature, for the case of a molecule with mass of the order of 1000 . . . 10000 m p , we would thus get ω k 0.1 . . . 1 THz. These vibrations are damped by a friction force described by the characteristic rate γ f = cηR/m, where c is a constant of order unity depending on the shape of the molecule (c = 6π for a spherical molecule), R characterizes the size of the molecule, and η is the viscosity describing the molecule environment. For a spherical molecule of size R ∼ 1nm, mass as given above and using the viscosity of water, η=1 g/(ms), we would thus get γ f ∼ 10 THz. Note that in practice, the effective viscosity of the solvent depends also on the molecule itself and thus this number should be used as indicative only. The jumps between the different potential minima have a much lower rate than the smallscale vibrations. This rate is described by the Arrhenius law,
where U 1 describes the height of the potential barrier (see Fig. 1 
Here ω c describes the width of the potential barrier, and is of the same order as ω k . With the above estimates for the frequencies ω k , ω c and γ f , the prefactor ν thus ranges from GHz to THz. However, the exponential factor makes the jumps between different minima much less frequent. Assume for example a potential barrier height of U ≈ 0.5 eV 15 . At room temperature, we would then get γ = ν exp(−20); ranging between Hz and kHz. This is close to the characteristic scale in which the measurements on the molecules are made and indeed such measurements 11 showed large fluctuations in the measured conductance, clearly connected to the presence of the molecule.
The distance-dependent linear conductance G = G 0 T through a single molecular level can be described by the Breit-Wigner formula 13 ,
Here G 0 = 2e 2 /h, ǫ 1 is the energy of the closest molecular level to the metal Fermi energy (i.e., LUMO or HOMO, whichever is closer) assuming it has an appreciable coupling to the leads, and Γ L and Γ R characterize the coupling to the left and right leads, respectively. The level ǫ 1 may be degenerate -this degeneracy would only tune the effective coupling strengths Γ L and Γ R compared to the non-degenerate case. For simplicity, we neglect interaction effects. This assumption still captures the essential physics in the strong-coupling regime where the coupling energy Γ L + Γ R exceeds the thermal energy and thus describes the lifetime of the level. Moreover, additional molecular levels may be considered, but their contribution shows up mostly to slightly rescale the coupling constants 14 . Consider now what happens if the molecule is connected to one of the leads, say left, thus fixing the average Γ L . Assume furthermore Γ L ≪ ǫ 1 . The average coupling to the right lead depends on the distance d R between the molecule and the furthermost atom of this lead through Γ R = Γ * R exp(−κd R ), where κ depends on the solvent and on the molecule/lead materials 16 . For Γ R ≪ ǫ 1 , decreasing d R will increase the conductance. However, when the right lead is close enough, Γ R may exceed the level energy ǫ 1 . In this case, the conductance shows a maximum at Γ R = 4ǫ 2 1 + Γ 2 L ≈ 2ǫ 1 and further decrease of d R leads to a decrease in the conductance. This type of a model was employed to explain the observed conductance-distance curve in Ref. 11 with a quantitative agreement between the theory and the measured average conductance.
Consider now the fluctuation of this conductance, due to the slow hoppings of the molecule between different average positions. Such hopping corresponds to a random telegraph noise in a time-dependent signal. Let us denote the average distance between the right lead and the molecule by d (average meaning averaging over the different positions of the molecule corresponding to the given positions of the leads). Let us furthermore choose the coupling strengths corresponding to this average position to Γ L and Γ R = Γ * R exp(−κd). Then, the fluctuations of the position around this average position can be characterized by the values {δd i , −c i δd i }, i indexing the different potential minima, and the two numbers corresponding to the deviations of the distance to the left and right leads, respectively. In a typical case, one could expect that if the molecule moves further from the left lead (δd > 0), it comes closer to the right lead (as in Fig. 1 ). This would thus correspond to a positive c i . However, for certain situations it may be possible to increase the distance to both leads -this would be described with a negative c i . With these deviations, the couplings change to Γ i L = Γ L exp(κδd i ) and Γ i R = Γ R exp(−κc i δd i ). Note that choosing the same κ for both Γ L and Γ R does not mean a lack of generality, as a possible difference in the two κ's can be included to scale c i .
The transmission averaged over the positions of the molecule is
Here p i is the probability for the molecule to be in the position/configuration i. Thus, already the average transmission T depends on the amplitude δd i of fluctuations (see Fig. 2) . However, such a dependence is difficult to see in T , as a similar behavior could be observed also without vibrations, but with a slight rescaling of Γ L/R .
The variance of the transmission values due to these slow fluctuations is var(T ) = (T − T )
2 . Assuming we can neglect the electronic noise (see below) which also shows up as a temporal variation of the current, this var(T ) would vanish without the vibrations. In general, var(T ) depends on d, the separation of the leads. However, if we assume that the positions of the metastable states with respect to the left lead are independent of d, we can separate two limits in the d-dependence. One is the case when d is large, such that Γ R ≪ ǫ 1 . If also Γ L ≪ ǫ 1 , we can neglect the lifetime of the level (the term Γ L + Γ R in the denominator of T i ). Then
Thus, the transmission probability for each i can be written in a form T i = T T i f 1 , where T is independent of the random hoppings, but depends on the position d, and T i f 1 depends on the hoppings, but not on the position d. In this case, we may express the relative variance as
Thus, this quantity no longer depends on the exact value of d, as long as Γ L + Γ R ≪ 2ǫ 1 . The same happens in the opposite limit, Γ R ≫ 2ǫ 1 . In this case, we can neglect all other terms but Γ R from the denominator of the transmission and
The relative fluctuations σ T again follow Eq. (5), with the only exception that the sign of each c i is reversed.
If the sign of c i is predominantly positive, σ T in the case Γ R ≫ 2ǫ 1 will be larger than in the case Γ ≪ 2ǫ 1 and vice versa for a predominantly negative c i . Thus, we can sketch the rough behavior of σ T as a function of the distance d (assuming c > 0): At first, when the leads are far apart, σ T stays mostly constant. When Γ R becomes of the order of 2ǫ 1 , σ T starts to increase with d, until saturating into another constant value at Γ R ≫ 2ǫ 1 (see Fig. 3 ). Such a behavior holds as long as the metastable positions of the molecule are unaffected by the right lead. The latter type of a mechanical effect would show up also in the average conductance curves if the right lead changes the potential landscape seen by the molecule. This was probably observed in Ref. 11 , but only whenΓ R was already much larger than ǫ 1 . To explore this behavior explicitly, let us consider a simple two-position model with the positions {δd/2, −cδd/2} and {−δd/2, cδd/2}. In this case, we get a fairly simple expression for σ T in the limit Γ L ≪ ǫ 1 ,
In the limit Γ R ≪ 2ǫ 1 , this gives
and in the opposite limit Γ R ≫ 2ǫ 1 ,
These limits follow the qualitative discussion above. Apart from hopping between different positions, in some cases one may also envisage the molecule to hop between different conformations on the slow time scales.
Such a change in the conformation in general may lead to a change both in the energy level ǫ 1 and in the coupling strengths Γ L/R . This behavior can be illustrated by considering the simplest case of hopping between two conformations corresponding to the energies ǫ 1 ± δǫ/2 and couplings Γ L ± δΓ L /2, Γ R ± δΓ R /2. The relative variance σ T now depends on the relative magnitude of these changes: if δΓ L/R /(Γ L + Γ R ) ≫ δǫ/ǫ 1 , the behavior is analogous to that discussed above. In the opposite limit of large δǫ, the relative variance of the conductance values σ T = var(T )/ T 2 is given by
Thus, the relative variance is largest when the couplings are much smaller than the level energies, and it decreases as either of the couplings is increased. A similar conclusion can be drawn for the general case with many different conformations, along the same arguments as above.
There are a few experimental constraints for the observation of the predicted behavior in the fluctuations, characterized by the different time scales in the problem. An easily satisfied condition is that the measurement time τ m should exceed the time scales 1/ω k , /Γ L/R , τ e = e/ I characterizing the individual charge transport processes (typically between ps and ns) by a few orders of magnitude. Here I is the average current through the molecule. In this limit, shot noise yields a contribution ∼ e/(τ m I ) = τ e /τ m to the relative variance and can hence be neglected. The same applies for the thermal noise provided that k B T /(eV )τ e /τ m ≪ σ T , where V is the bias voltage applied over the sample. Another natural condition is that the time scale τ var for the variations made in the structure (like changing the distance between the leads) should be longer than τ m and the time scale τ hops = 1/γ for the slow changes in the configurations. To obtain a relative accuracy p for the measured variance, one has to measure at least ∼ 1/p 2 points and therefore τ var /τ m > 1/p 2 . If there are only a few metastable configurations in the problem, and the time scales for hopping between them is longer than the measurement time, one may be able to measure the information about them already by following the telegraph noise in the average transmission as a function of time. However, for many configurations, or if at least some of the hopping time scales are smaller than τ m , it is better to measure the relative variance. When τ m and τ hops are well separated, the measured variance in the signal will be proportional to var(G) m = var(G) c min(τ m , τ hops ) max(τ m , τ hops ) .
Here var(G) m is the measured variance and var(G) c = G 2 0 var(T ) is the variance calculated above. In the case when there are multiple time scales describing the slow fluctuations, and the measurement time is between these scales, the measured variance will be independent of τ m , characteristic for flicker noise.
Summarizing, in this paper we predict that the different metastable atomic configurations in molecular junctions have a considerable effect in the measured conductance, as the time scale of typical conductance measurements is of the same order as the time scales for the jumps between the different configurations. We utilize a simple Breit-Wigner model to illustrate this behavior and show that such variations lead to a fairly universal behavior in the relative variance of the measured conductance values as one of the coupling constants between the molecule and the leads is controlled.
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